Attention can bias visual perception by modulating the neuronal activity of visual 19 areas. However, little is known if blindness can reshape the intrinsic functional 20 organisation within the attention networks and between the attention and visual 21 networks. A voxel-wise network-based functional connectivity strengthen mapping 22 analysis was proposed to thirty congenitally, thirty early and thirty late blind subjects, 23 and thirty sighted controls. Both the blind and sighted subjects exhibited similar 24 spatial distributions of the intrinsic dorsal (DAN) and ventral (VAN) attention 25 networks. Moreover, compared to the sighted controls, the blind subjects showed 26 increased functional coupling within the DAN, and between the DAN and VAN, and 27 between the attention sub-networks and visual areas, suggesting an increased 28 information communication by visual deprivation. However, the onset age of 29 blindness had little impact on the functional coupling of the attention network, 30
Introduction 36
Attention is a cognitive process to focus our limited brain resources to preferentially 37 process certain external stimuli or internal ideas while ignoring irrelevant ones (Raz 38 and Buhle 2006) . Attention is thought to be controlled by two segregated functional As blindness interrupts the main information transfer system of the human brain, 52 long-term visual deprivation may affect attention behavior and reshape the 53 organisation of the attention networks. In fact, superior auditory/tactile attention 54 abilities have been observed in blind subjects (Roder et al. 1999 1998b), and functional connectivity density (FCD) (Qin et al. 2015) in the occipital 90 -5 -cortex. Using the same auditory attention task, although both the EB and the LB 91 demonstrated improvement in attention performance, the temporal and spatial 92 alteration patterns in event-related potentials are largely different (Roder et al. 1999; 93 Fieger et al. 2006 ). Nevertheless, we are unclear whether the developmental maturity 94 degree of the brain at the time of onset of blindness has an effect on the intrinsic 95 functional organisation of the attention networks in the blind. 96
Most of our knowledge on the functional organisation of the attention networks 97 comes from the task-based functional magnetic resonance imaging (fMRI) that detects 98 regional blood-oxygen-level-dependence (BOLD) activation evoked by a specific task 99 (reflecting functional segregation). In contrast, the resting-state fMRI primarily 100 focuses on the synchronization of spontaneous activity among brain regions 101 (reflecting functional integration). A pioneer study has segregated the DAN and VAN 102 by resting-state functional connectivity (rsFC) analysis (Fox et al. 2006 ). A following 103 study further reveals a correlation between attention performance and the rsFC 104 between the DAN and VAN in normal subjects (Wen et al. 2012 ). These findings 105 indicate that rsFC analysis is a promising technique to evaluate the intrinsic functional 106 organisation of the attention networks. 107
In this study, we recruited gender-and age-matched CB, EB, LB and SC (thirty 108 subjects in each group), and proposed a voxel-wise network-based functional 109 connectivity strength (FCS) mapping (NB_FCSM) method to compare intergroup 110 The fMRI data preprocessing 150
The resting-state fMRI data were preprocessed using Statistical Parametric Mapping 151 (SPM8, http://www.fil.ion.ucl.ac.uk/spm). The first 10 volumes were removed 152 because of incomplete T1 relaxation, and to allow the participants to adapt to the 153 scanning environment. The remaining 170 volumes were corrected for the acquisition 154 time delay between slices and were realigned to the first volume to estimate and 155 correct rigid head motion. All subjects were within the predefined head motion 156 thresholds of translation < 2 mm and rotation < 2°. We also calculated the frame-wise 157 displacement (FD) (Power et al. 2012 ) and percent of spike motion (defined as FD > 158 0.5) in each subject. The mean FD was included as an additional nuisance variable 159 during all fMRI-related statistical analyses to further exclude out the effect of head 160 motion. Then fMRI dataset were affinely corregistered with the structural volume, 161 and the structural images were segmented and nonlinearly normalized into the 162 Montreal Neurological Institute (MNI) space. Finally, the fMRI volumes were written 163 to the MNI space and resampled into 3-mm 3 voxels using the deformation parameters 164 derived from structural images. Several spurious variances, including the motion 165 parameters (six parameters and their first time derivatives), and average BOLD 166 signals of the whole brain, ventricular and white matter were removed from the 167 normalized fMRI data through linear regression. After band-pass frequency filtering 168 (0.01-0.08 Hz), the functional images were spatially smoothed with a Gaussian kernel 169 of 6 mm full width at half maximum. 170 -8 -
Attention network extraction 171
The attention networks were extracted based on a meta-analysis of attention-evoked 172 coactivation. BrainMap Sleuth 2.0.3 (http://www.brainmap.org/) was used to search 173 papers reporting brain activation evoked by visual attention tasks in right-handed 174 healthy adults using either positron emission tomography or fMRI. We excluded 175 conditions aimed to investigate the effects of diseases, handedness, gender or drugs on 176 task-evoked activation. All retrieved foci were transformed into MNI space and 177 manually checked to exclude those out of the MNI grey matter mask. A total of 128 178 papers that included 360 experiments, 4793 subjects, and 3470 foci were finally 179 included in the meta-analysis. 180
The meta-analysis was performed using the revised version of Activation 181 were used to identify the VAN. These peak MNI coordinates were defined based on 201 the ALE map ( Supplementary Fig. 1) . A 6mm-radius sphere centered on each 202 coordinate was drawn and the overlap voxels between the sphere and ALE map were 203 taken as the seed. Pearson correlation coefficients between the mean time series of 204 each seed and that of each voxel of the whole brain were computed and transformed 205 in blind subjects, the rsFC between each identified ROI and each voxels of the whole 260 brain were calculated, and intergroup differences in rsFC were compared using the 261 same statistical model as the FCS analyses (q < 0.05, FDR corrected). Finally, partial 262 correlation analyses controlling for the effects of gender and mean FD were 263 performed to test possible correlations of regional FCS with onset age and duration of 264 blindness (q < 0.05, FDR corrected). 265
Results

266
Demographic data 267
The demographic data of these subjects are shown in Table 1 . A total of thirty CB, 268 thirty EB, thirty LB and thirty SC were included in this study. There were no 269 significant differences in gender (χ 2 = 0, P = 1), age (F = 1.95, P = 0.125), mean FD (F 270 = 0.21, P = 0.888) and percentage of motion spikes (χ 2 = 2.33, P = 0.508) among the four 271 groups. The age of onset of blindness was 0 year in the CB, 7.7 ± 3.2 years in the EB, 272 and 18.0 ± 4.4 years in the LB; and the duration of blindness was 25.7 ± 4.6 years in 273 the CB, 20.8 ± 7.9 years in the EB, and 10.2 ± 4.2 years in the LB. 274
The spatial distribution of the attention network 275
The spatial distribution of the attention network identified by coordinated-based ALE 276 -12 -meta-analysis (q < 0.05, FDR corrected) is shown in Supplementary Fig. 1 
FCS changes within the attention network in the blind 296
Within the DAN, GLM analysis showed significant intergroup FCS differences (q < 297 0.05, FDR corrected) in the bilateral SPL/IPS and the right FEF and pIFG (Fig. 4A) . 298
The blind groups generally had increased FCS than the SC group, but they did not 299 differ from each other. There were no significant FCS differences within the VAN 300 among the four groups. 301
Significant between-network FCS differences (q < 0.05, FDR corrected) were 302 found between the bilateral FEF and SPL/IPS (DAN components) and the VAN (Fig.  303 -13 -3B), and between the bilateral aINS, dACC, the right pIFG and TPJ (VAN 304 components) and the DAN (Fig. 3C) . Generally, the FCS in each region was increased 305 in the blind than in the SC, but there were no significant differences among the blind 306 groups. The only exception was that the CB had a higher FCS between the right FEF 307 and the VAN than the EB, and a higher FCS between the left FEF and the VAN than 308 the LB (q < 0.05, FDR corrected). 309
In the validation analysis, we recalculated FCS using four different connectivity 310 thresholds (r > 0, 0.1, 0.2 and 0.3, respectively) and repeated these intergroup 311 comparisons. The intergroup FCS differences were highly consistent across the four 312 thresholds and very similar with the original ones ( Supplementary Figs 4 and 5) . 313
FCS changes between the attention and visual networks in the blind 314
The GLM showed significant intergroup FCS differences (q < 0.05, FDR corrected) 315 between the DAN and VN (Fig. 5A and B) . Generally speaking, compared to the SC, 316 the blind subjects showed increased FCS between hubs (the bilateral FEF, IPL and between the left IOG and the DAN compared to the EB and LB, while higher FCS 323 between the right pIFG and the VN relative to the LB (q < 0.05, FDR corrected) ( Fig.  324   5A and B) . 325 GLM analysis also revealed significant intergroup FCS differences (q < 0.05, 326 FDR corrected) between the VAN and VN (Fig. 5C and D) . Compared to the SC, the 327 blind subjects showed increased FCS between hubs (the right pIFG, MFG, TPJ, and 328 the bilateral aINS and dACC) of the VAN and the VN and between hubs (most of the 329 right visual areas, the left middle temporal visual area [MT] and SOG) of the VN and 330 -14 -the VAN (q < 0.05, FDR corrected). No significantly decreased FCS between the 331 VAN and VN were found in any blind groups. In the blind groups, the CB showed a 332 higher FCS between the right aINS and the VN than the LB (q < 0.05, FDR corrected), 333 and a higher FCS between the right pIFG and the VN than the EB and LB (q < 0.05, 334 FDR corrected) ( Fig. 5C and D) . As shown in Supplementary Figs 4-6 , the intergroup 335 FCS differences between the attention and visual networks were highly consistent 336 across rsFC thresholds and very similar with the original ones. 337
The rsFC changes within the attention network in the blind 338
Treating all regions with significant FCS differences as seeds, voxel-wise rsFC 339 analyses (q < 0.05, FDR corrected) demonstrated: within the DAN, the blind subjects 340 generally had increased rsFC between the left SPL and the left IPS and pIFG, and 341 between the right SPL and the right FEF, pIFG and IPS compared to the SC. Blind 342 subjects also had increased rsFC between most hubs (such as the bilateral FEF and 343 SPL) of the DAN and those (such as the bilateral aINS and dACC, and right pIFG and 344 TPJ) of the VAN. However, there were no significant differences in rsFC within the 345 attention network among blind subjects ( Supplementary Fig. S7 ). 346 (Supplementary Fig. S9 ). There were no 354 significant differences in rsFC of DAN-VN and VAN-VN among blind subjects. 355 -15 -
The rsFC changes between the attention and visual networks in the blind
Correlations between connectivity changes and blindness chronometry 356
While controlling for gender and head motion effects, partial correlation analyses (q < 357 0.05, FDR corrected) showed that duration of blindness was positively correlated with 358 the FCS between the right pIFG of both the VAN (pr = 0.346, P < 0.001) and DAN 359 (pr = 0.311, P = 0.003) and the VN, and negatively correlated with the FCS between 360 the left IOG of the VN and the DAN (pr = -0.326, P = 0.002) ( Fig. 9 ). Furthermore, 361 after additionally controlling for the onset of blindness, the correlations between the 362 right pIFG of the VAN and the VN and between the left IOG of the VN and the DAN 363 were still significant. There were no significant correlations between the FCS of each 364 ROI and the age of onset of blindness (q < 0.05, FDR corrected). 365
Discussion
366
In this study, we found that the blind had similar spatial pattern of the attention 367 network with the SC, suggesting that the intrinsic functional organisation of the 368 attention network is preserved in the blind. The blind subjects showed increased 369 functional connectivity within the DAN, between the DAN and VAN, and between 370 the attention and visual networks, indicating increased information communication 371 within and between these attention-related networks in the blind. The lack of 372 connectivity differences between the blind groups and the lack of correlations 373 between connectivity and onset age of blindness suggest that the intrinsic functional 374 organisation of the attention network is not influenced by its developmental maturity 375 degree at the time of onset of blindness. Our study provided systematic knowledge of 376 the intrinsic functional reorganisation of the attention networks by blindness with 377 different onset age, and can improved our understanding about the interactions 378 between higher-level attention network and visual areas in compensating for visual 379 loss.. 380 -16 -
Methodological consideration 381
In light of the FCD that voxel-wisely measure the unweighted degree distribution of 382 the whole brain network (Tomasi and Volkow 2012) , the FCS is proposed to 383 voxel-wisely measure the weighted degree distribution of the network (Liang et al. 384 2013) . In contrast to the FCD that is sensitive to connection thresholds, the FCS is 385 insensitive to connection thresholds because of the weighting property, which is 386 supported by our findings of different connection thresholds resulting in similar 387 intergroup FCS differences. Here, we extended the traditional whole-brain-level FCS 388 analysis to voxel-wisely assess the FCS within and between networks, namely the and (C) shows brain regions of the VAN that exhibit intergroup differences in FCS with the DAN. The lines connecting any two groups in bar graphs indicate significant differences between the two groups (q < 0.05, FDR corrected).
Figure 5. FCS changes between the attention and visual networks in the blind.
General linear model is used to compare FCS (between the attention and visual networks) differences between the total blind subjects and the sighted controls (q < 0.05, FDR corrected), while controlling for the effects of age, gender, and mean FD.
Color bar represents the T value. Warm and cold colors represent increased and decreased FCS in the blind, respectively. (A) shows brain regions of the DAN that exhibit intergroup differences in FCS with the VN; (B) shows brain regions of the VN that exhibit intergroup differences in FCS with the DAN; (C) shows brain regions of the VAN that exhibit intergroup differences in FCS with the VN; (D) shows brain regions of the VN that exhibit intergroup differences in FCS with the VAN. The lines connecting any two groups in bar graphs indicate significant differences between the two groups (q < 0.05, FDR corrected).
Figure 6. Correlations between duration of blindness and FCS in the blind.
Partial correlation analyses controlling for the effects of gender and mean FD are performed to test correlations between duration of blindness and regional FCS in the blind (q < 0.05, FDR corrected).
